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Abstract
Two dissimilar magnesium (Mg) alloy sheets, one with low aluminium (AZ31) and another with high aluminium (AZ91) content, were
successfully joined by friction stir welding (FSW). The effect of process parameters on the formation of hot cracks was investigated. A sound
metallurgical joint was obtained at optimized process parameters (1400 rpm with 25 mm/min feed) which contained fine grains and distributed β
(Mg17Al12) phase within the nugget zone. An increasing trend in the hardness measurements has also confirmed more amount of dissolution of
aluminium within the nugget zone. A sharp interface between nugget zone and thermo mechanical affected zone (TMAZ) was clearly noticed at
the AZ31 Mg alloy side (advancing) but not on the AZ91 Mg alloy side (retreating). From the results it can be concluded that FSW can be
effectively used to join dissimilar metals, particularly difficult to process metals such as Mg alloys, and hot cracking can be completely eliminated
by choosing appropriate process parameters to achieve sound joint.
© 2015 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
The demand for lightweight structures in automobile, aero-
space and marine industries has triggered the research on light
metals, particularly on magnesium (Mg) and its alloys. Mg
density (1.74 g/cm3) is lower compared with the other well
known light metal, aluminum (2.4 g/cm3). Mg exhibits
high strength-to-weight ratio and good damping properties.
However, poor ductility and weldability are the limitations with
Mg [1,2]. By addressing these issues, Mg based materials can
become promising candidates for wide variety of structural
applications. Recently, many Mg based alloys were developed
to address these issues and most of them are ternary types [3].
Among all Mg alloys, AZ series is the most widely used alloy
system which contains mainly aluminum and zinc as the alloy-
ing elements in different proportions.
Joining of Mg alloys is complex due to their high reactive
nature and high inflammability [1,4]. Recently, friction stir
welding (FSW), a solid state joining technique, has emerged as
a potential tool to join similar and dissimilar metals. The prin-
ciple behind joint formation in FSW was explained by Mishra
and Ma [5]. FSW does not melt the base material and therefore
completely eliminates the problems associated with solidifica-
tion that usually appear in fusion welding [6]. Joining dissimilar
metals, particularly Mg alloys, by fusion welding processes is
difficult. Joining Mg alloys by FSW has been reported in the
literature [7,8] but still the information is insufficient. In the
present study, FSW was adopted to join AZ31 and AZ91 Mg
alloys. The challenges involved in establishing a perfect metal-
lurgical joint between AZ31 and AZ91 Mg alloys by FSW have
been investigated. Hardness measurements were carried out
across the weld joint and tensile tests were also conducted to
assess the joint strength.
2. Experimental details
Wrought AZ31 Mg alloy sheets (2.75% Al, 0.91% Zn,
0.001% Fe, 0.01% Mn and remaining being Mg by wt.%) and
as-castAZ91Mg alloy sheets (8.67%Al, 0.85% Zn, 0.002% Fe,
0.03% Mn and remaining being Mg by wt.%) of size
100 × 50 × 3 mm3 were obtained from Exclusive Magnesium,
Hyderabad, India. Friction stir welding (FSW) was done by
using a nonconsumable tool made of H13 tool steel consisting
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of a shoulder diameter of 15 mm and a tapered pin with 3 mm
to 1 mm diameter over 3 mm length as shown in Fig. 1a. FSW
was carried out using an automated universal milling machine
(Bharat FritzWerner Ltd., India). The work pieces were fixed on
the work table of the milling machine as shown in Fig. 1a and
the rotating FSW tool was inserted into the joint. Penetration
depth was given in such a way that the tool shoulder completely
touches the surface of the work pieces, then the rotating tool
was plunged along the traverse direction. Joining was per-
formed at different process parameters (3 different speeds and
feeds) and optimized parameters were obtained where the joint
was found to be defect free. After successful joining, specimens
were cut at different regions using a wire cut electric discharge
machine (EDM). The specimens were then metallographically
polished using different graded emery sheets followed by pol-
ishing using diamond paste and cleaned with ethanol. Chemical
etching of the polished specimens was done using picric acid
reagent (comprised of 5 g of picric acid, 5 ml acetic acid, 5 ml
distilled water and 100 ml ethanol), then rinsed with ethanol
and dried in hot air. Microstructural observations were carried
out using a polarized optical microscope (Leica, Germany).
Microhardness measurements were carried out by Vickers
indentation method (Omnitech, India) across the weld joint by
applying 100 g load for 10 s. Measurements were carried out on
three parallel samples (n = 3) obtained across the joint. The
weld joint strength was assessed by conducting uni-axial tensile
test using a universal testing machine (UTM, Mechatronic
Control Systems, India) at a strain rate of 1 × 10−3 s−1. The
specimens were prepared as per the ASTM E8/E8M-11 stan-
dards [9]. The experiments were carried out in triplicate (n = 3).
Statistical analysis was carried out using one-way ANOVA and
a value of p < 0.05 was considered to be statistically significant.
3. Results and discussion
Fig. 1 shows the photographs obtained during the welding of
AZ31 and AZ91 Mg alloys and the joints at different process
parameters. Since the amount of β (Mg17Al12) phase in AZ31
Mg alloy is lower compared with AZ91 Mg alloy, material flow
occurs differently in both the alloys during welding. AZ31 Mg
alloy also exhibits lower brittleness compared with AZ91 and
therefore the ease of plastic deformation in AZ31 is higher
compared with AZ91. Therefore, the joint formation between
AZ31 and AZ91 alloys is complex in nature.
Thermal conductivity of both the alloys also dictates the
success of the joint [10]. It is true that the level of hot crack
development is higher during the welding of dissimilar metals
compared with similar metals due to the difference in the heat
conduction between the two base metals [11]. Thermal stresses
are developed if the dissipation of the generated heat during
welding of AZ31 and AZ91 is non-uniform due to the differ-
ence in the thermal conductivity. If these thermal stresses are
not balanced, they may lead to hot cracking as clearly observed
in the present joint processed at 1600 rpm and 100 mm/min
feed (Fig. 1b). For the same tool rotational speed and travel
speed, the amount of heat generation in AZ31 alloy is different
compared with AZ91 alloy and hence obtaining a set of param-
eters which avoid development of hot cracks is an important
task in joining of AZ31/AZ91 alloys to get sound metallurgical
continuity. Fig. 1c shows the photograph of the weld joint with
a defect processed at 1400 rpm with 50 mm/min feed and
Fig. 1d shows the photograph of defect free sound joint
obtained at 1400 rpm with 25 mm/min feed.
Table 1 lists different process parameters and the end results
of the experiments carried out to join the AZ31 and AZ91 Mg
alloys. From the results, it can be understood that the higher tool
rotational speeds generated higher amount of heat which led to
raise more thermal stresses immediately during cooling. These
stresses were unbalanced and led to distortion during the
cooling in the form of hot cracks. At 1400 rpm (with both the
100 and 50 mm/min feed), the amount of heat that has been
generated was comparatively lower and reduced the intensity of
the residual stresses but insufficient of heat generation resulted
in poor material plastic flow and led to form a defect as shown
in Fig. 1c. At 1400 rpm with 25 mm/min feed, sufficient time
was allowed to raise the temperature and material plastic flow
Fig. 1. Photographs showing (a) FSW set up used to join AZ31 andAZ91 Mg alloys, (b) appearance of hot crack immediately after welding, (c) joint with tunneling
defect and (d) defect free joint.
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was sufficient to develop a perfect metallurgical joint which
avoided the defect and resulted to sound joint as shown in
Fig. 1d.
The optical microscope images at the cross section of AZ31/
AZ91 joint after FSW are shown in Fig. 2a and b. The distri-
bution of β (Mg17Al12) phase was limited to retreating side
(AZ91 Mg alloy side). The nugget zone was found to be mixed
with both the AZ31 and AZ91 Mg alloys but the fraction of
AZ31 alloy was appeared to be more compared withAZ91 alloy
which is obvious as AZ31 is more ductile compared with AZ91
alloy. The region as indicated by a white arrow in Fig. 2b shows
a perfect metallurgical continuity between AZ31 and AZ91 Mg
alloys. In the left region of this interface, β (Mg17Al12) phase
appeared as smaller discontinuous white particles. Compared
with the actual microstructure of the base AZ91 Mg alloy
(Fig. 3a), the network like Mg17Al12 phase at the grain bound-
aries was believed to be broken into small particles during FSW.
Fig. 3a also shows the distribution of “α + β” regions between
“α” (Mg-Al solid solution) and “β” (Mg-Al compound,
Mg17Al12) regions. The regions as indicated by black arrow in
Fig. 2b contain more amount of fine AZ91 Mg alloy compared
with AZ31 Mg alloy. This implies that these regions are rich in
aluminium compared with the other bright regions (low AZ91
presence) within the nugget zone. Therefore, it can be con-
firmed that the nugget region contain both AZ31 regions and
mixed regions of AZ31/AZ91. This observation also suggests
the increased solubility of aluminum within the nugget zone
which certainly influences the bulk mechanical properties of
the joint.
Fig. 3b shows the base microstructure ofAZ31Mg alloy. The
average grain size was measured as 16.4 ± 6.8 µm. Fig. 3c
shows the nugget and AZ31 base material interface (advancing
side). Grain refinement can be clearly found in the nugget zone
compared with the base material as shown in the magnified
image (Fig. 3d). Usually, FSW with optimum process param-
eters leads to grain refinement due to the dynamic recrystalli-
zation [6]. In the present study, grain refinement was observed
up to 6.5 ± 6.8 µm in the stir zone. A sharp thermomechanical
affected zone (TMAZ) can be seen at the interface and there
was no significant difference found between the heat affected
zone (HAZ) and base material microstructures at the AZ31
side. Fig. 3e shows the interface between the nugget and the
base AZ91 Mg alloy. A sound metallurgical joint can be clearly
seen which contains fine grained AZ31 and AZ91 (with lower
amount of Mg17Al12 phase) alloys. The magnified image
(Fig. 3f) suggests the excellent joint formation which contains
combination of fine grains and smaller Mg17Al12 particles
within the nugget zone. Earlier, Lee et al. [8] also has joined
AZ31 and AZ91 Mg alloy by FSW but no Mg17Al12 phase was
observed in the nugget zone. On the contrary in the present
study, the presence of smaller Mg17Al12 particles within the
nugget zone indicates higher level of material mixing from both
the AZ31 and AZ91 alloys, which is an indication of a perfect
joint.
Fig. 4 shows the microhardness values obtained by measur-
ing across the weld joint. A gradual increase in the hardness
Table 1
Effect of process parameters on end results of joiningAZ31/AZ91 Mg alloys by
FSW (penetration depth is constant (3 mm) in all the cases).
S. no. Speed
(rpm)
Feed
(mm/min)
End results
1 1800 100 No joint
2 1800 50 Poor joint with hot cracks
3 1800 25 Poor joint with hot cracks
4 1600 100 Poor joint with hot cracks
5 1600 50 Poor joint with hot cracks
6 1600 25 Poor joint with hot cracks
7 1400 100 Poor joint with tunnelling defect
8 1400 50 Poor joint with tunnelling defect
9 1400 25 Sound joint without cracks or defects
Fig. 2. Optical microscope images of FSWed AZ31/AZ91 joint at the cross section: (a) low magnification and (b) high magnification.
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from AZ31 base material to AZ91 base material can be
observed from the results. Within the nugget zone, large varia-
tions in the hardness values have been found which are due to
the combined effect of fine grain structure and the presence of
hard Mg17Al12 phase along with some regions of AZ31. Solid
solution strengthening also may contribute toward increase of
hardness as the nugget zone becomes a super saturated solid
solution due to the dissolution of more aluminium by reduced
Mg17Al12 phase. Hence, in the present study, the potential of
FSW to join dissimilar metals particularly difficult to join
metals such as Mg alloys (AZ31/AZ91) has been successfully
demonstrated and the effect of rotational speed and feed on
eliminating hot cracks was also brought out. Fig. 5 shows the
typical photograph of AZ31/AZ91 weld joint tensile specimen.
Table 2 lists the mechanical properties of the base materials
(AZ31 and AZ91 Mg alloys) and the weld joint. It is clear from
the observations that the joint strength is found to be higher
compared with AZ91 base material but lower when compared
with AZ31. The difference was found to be statistically signifi-
cant at p < 0.05 level. The reduced strength at the joint can be
attributed to the presence of both the brittle and soft phases at
the joint. Hence from these preliminary results, it can be
Fig. 3. Optical microscope images of the specimens collected at different regions: (a) AZ91 Mg alloy base microstructure, (b) AZ31 Mg alloy base microstructure,
(c) nugget zone and base material interface at the AZ31 Mg alloy side, (d) corresponding magnified image, (e) nugget zone and base material interface at the AZ91
Mg alloy side and (f) corresponding magnified image.
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understood that dissimilar Mg alloys can be joined by FSP in
solid state itself and the mechanical properties of the weld joint
are promising. Furthermore, investigations have been planned
to assess the performance of the joint under different mechani-
cal loading and environmental conditions.
4. Conclusions
In the present study, FSW has been successfully adopted to
join AZ31 and AZ91 Mg alloys and clearly demonstrated the
role of process parameters to avoid the formation of hot cracks
during welding. The nugget zone of AZ31/AZ91 joint has com-
bination of fine grains and smaller Mg17Al12 particles instead of
large Mg17Al12 network at the grain boundaries. Increased hard-
ness in the nugget zone can be attributed to the grain refinement
and the presence of Mg17Al12 particles along with solid solution
strengthening. Hence from the present study, it can be con-
cluded that FSW can be used as a potential technique to join
dissimilar Mg alloys, particularly AZ series alloys, for various
structural applications.
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Fig. 4. Microhardness measurements across the weld joint of AZ31/AZ91 Mg
alloys.
Fig. 5. Typical photograph of AZ31/AZ91 weld joint specimen as per ASTM
E8/E8M-11 standards.
Table 2
Mechanical properties of AZ31, AZ91 Mg alloys and AZ31–AZ91 weld joint
(at p < 0.05 significant level, all the mean differences were found to be statis-
tically significant).
Material UTS (MPa) YS (MPa) % Elongation
AZ31 Mg alloy 225 ± 12 195 ± 15 14.2 ± 2.5
AZ91 Mg alloy 197 ± 17 175 ± 10 3.5 ± 1.2
AZ31–AZ91 weld joint 183 ± 15 172 ± 9 6.8 ± 1.7
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